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Synchronization of Two Remote 
Atomic Time Scales* 

Any time scale i n  use a t  present isgener- 
ated froin the combin;ition of tire basic 
ianctions. First is pro\-ision of smie periodic 
phenomenon (frequency stai:dard) to Serve 
as the prototype for the unit 1e:ig:il of time. 
Second is the addition of a I ~ ~ C J I ~ S  for cot~tit- 
ing the number of cycles (cycle ac.cumiila- 
tion) executed by this periodic phe~it~r~ienon. 
Refore the appearance of cr? stal oxiflators 
and atomic clocks. these elcnien:s coin- 
inoiily took the form of 1 )  the pendiilum, 
avid 2 )  the esiapei-iieiit driving the hands. 
Aii atomic clock requires the same cleuieiits 
but they appear ii; different form: 1 )  a 
quartz crystal oscillator \\.hose freqiieiiiy of 
oscillation is controlled by an a to rn i~  t:;~nsi- 
tion, and 2 )  various electrcmic di\.iders and 
comparison circuitry. 

Since October 9, 19.57, the Satioiial 
Rtireau of St,indards has niaintainrd an 
atoiiiic time scale (SBS-.\j in  which the 
atomic transition is that of the United 
States Frequency Standard (CSFS, a t  the 
Boulder 1,aboratories of the SBS. From 
October 9, 1957, until .lpril 24, 196.3. time 
ai-ruiiiulation for SBS-A \vas perfoi-med 
near \\'sshington, D. C., by the sailit' quartz 
cr).stal oscillator and e!ectronic dividers 
\vhich produce time pulses for the broadcasts 
of radio statio!] lY\!'\'. As described previ- 
o i i ~ l y , ~  atomic times were assigned to ?\'\\'V 
pulses on a daily basis. The atomkally- 
controlled \f;\VI.' broadcast is set to agree 
closely with Universal Time, lvhich is pres- 
ently falling behind atomic time a t  $he rate 
of 130X 10-10 sec/sec. Therefore, during this 
time, SBS-X consists of a record of the late- 
ness of \Y\!'\' time pulses relative to an ideal 
c.!ock referenced to the cesium f r rc i~~ency  
taken as 9,192,631,770.00. . . cps. SBS-A 
was set to he coirirident \vith the :1.1 
time scale2 of the Yiiited States Navn! Ob- 
servatory, \!'ashiiigtml, D. C. ,  on Jainiary 1, 
1458. 

In Ju ly ,  1962, a t ~ m e - a c ~ u m u l ~ t ~ o ~ i  sys- 
tiin composed of quartz rry5tal oscI!!ators, 
dividers and synchro!ioris clocks wa$ put 
into operation in  a laborntory adinrelit to 
the USFS i n  the Boulder LaLoratories of the 

e the oscillators are contruiled by 
this system provides ;in improved 
mnintai ning a t  om ic time, as ne11 

;is briiigiiig both r1eii:eiits of the clock to the 
same lo[xtion. The entire syatein has pro\,ed 
c.apnl,le of  operation n-ithoiit interruption 
since its 1)cginniiig and <hould lie capable of 

tiniioiis operation iiidcliiiitel!~. Since 

iiiic.ertaiiities of a11 nppreciahle f r x  tion of a 
:iiilli+ecoiid i n  ~~)iiip:irisoii I J~ .~ tnwi i  the  time 
pulw:: from \\'\\'\' ; t i i d  those fro:ii the 
Docilder :itomic time scale, 'i inore precise 
nicthod \v:is iiwd to 5 )  nchronizc rl:c trvo 
~ a l c s .  This \vas duw on . \ p i 1  21 ,  196.3, by 
traiispc,rtiiig '1 high-precicirm quai-ti. clock 
f rom Boulder, Colo., to the \\.\\.\* trans- 

I L o r m  C 
C ~ I J ?  Fear. S. C .  ~ _ _  

316150 pscc 

* l'liese delay. include the mea.ii.e<l receiver delays involved in the total clelay. 
t Xdnl i ter l  by the I'. S. S a \ d  Ob.-rrvatory. 
% Ttii- inclurlrs a micronave link fruni the receiver at Ta!de Xes2 t o  LIIC S R S  Rnulder Laboratories. 
'I Seconrl..ry ihase factors ba~erl on Sa t iona l  Bure?ri 
$ SUSTrch. S o t e  So. 22. 

?txiicixds Ciriil1,ir So.  5i.3. 

mitter a t  Greenbelt. \Id. (near \Vashington, 
D. C.), and returning it to Boulder i n  order 
to observe directly the rime difference be- 

~leasiirement of the time of occurrence 
of the Rorilder time scale p i k e s  before and 
after the trip agreed to within 5 psec. I t  may 
then be rowludcd that on -\pril 21. 1963, 
the Boulder time scale u-as brought into 
synchroiii~m with the \Yashiiigton time 
scale ivithin these liniits. Since this date the 
Boulder clock is taken a s  the clock of the 
Sational Bureau of Standards which main- 
tains the atomic time wde NBS-*q. The 
Washington time scale Y t i J l  assume a sub- 
ordimte positicn. relatable to the one at 
Boclder by fi!ture clock cin-yiiig or obser- 
vation of various pc!se 

Atiotlier type of ti 
\vith niicrcsecond timi 
ground n-ave propagation regiun, is the East 
Coast Loran C system with a inastrr station 
n e x  Cape Fear, S. C. ,  whose time signals 
are cotitrollcii by the C'. S. Sai.al Ohwrva- 
tory. I i i  ordcr to make ciddi~io~ial chezks of 
the \\.\\'L' time ptilses i-el:tti\c to the SRS-X 
time scale, and to tilake prop:ig;itioii aiid re- 
ceiver delay ~i:ensrnrements using Loraii C 
sigmls. the portable clock ivas a!;o taketi to 
the U. S. Savd 0hsrrv.rtory and to the 
niaster Lorsii C tr;ii:sniitter. Since there is 
no Loraii C receiver as )-et ;it the \7WV 
trai.i;initter, the propagation delay of the 
Loran C 5igiials at the \\\\I- traiismitter 
could not be n!e:trircd. The results of the 
clock-carr) iiig esperinieiit :ire su;nai;nrized 
in 'Table I .  'The iriiccrt:iiiitics shown for the 
iiic:isured I ::lues x c  due to  rhe uncertaiiities 
i n  the port'ii'ole clock ( Zk.5 p c c )  and flrrctiia- 
tioiis (priiiiarily c1:ie to prcpig,itioii) in the 
time pulses as r e w i c d .  1:i ;islditicm to  nieas- 
tiriiil: suine propaptioil ;ind xceiver delays 
of the Loraii C sixii,il>, it w a s  deteriiiiiied 
that the cniiisio;i ( i f  the I . < G ~ I I  C > i g i i J  \vas 
1217 + 5  f l s w  ;:ftcr the ciiii~~i~m o f  the \\.\\l' 
seconds piilse oii ; \p - i l  21, 196.3. 

Since the I.or:.n C signals J re  ret-ei~ed 
both :it I3oultler : i d  the t . .  S. S.:\-;il Ob- 
scr\.;itiiry. it i s  no\?: po~sib!e to t.ibiilate 
r;ither prri'iscly a i i  : i I ) w l i : ! ~  liiiie cJi~Teience 
lic.t\veen the t N ' f J  ;it.-miic. time +c 

respective tiine W , I ~ -  ; I \  

and coi-rc\ tiiig f(or thi. i-rtx.i\.-cr and pr<)p:iga- 
tio!; dclays. 

\\'e arc sinwrely i o &  t i t d  to l l i , c  jv;in 

' t\veeii the two time scales. 

Se\viiiaii, Robert Doherty, Ear! Berger, and 
Fred Sera of the Sational Burcau of Stand- 
ards; Dr. \\'. llnrkowitz of the I. s. Saval 
Obser\-atory, aiid Cmdr. i-:d\vards of the 
U. S. Coast Guard, \vithoGt \\.hose coopera- 
tion these ~iie;isi~rei:ieiits \voii!d not have 
Ixeii possible. 
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